Abstract: Soil enzymes play a key role in many soil processes that affect soil health and which may be adversely affected under a changing climate. We investigated the short-and long-term effects of bentonite amendments on soil catalase, invertase, urease, and alkaline phosphatase activity in a field experiment in a semi-arid region in northern China. Treatments included six rates of bentonite amendments (0, 6, 12, 18, 24, and 30 Mg ha ) applied only once in 2011. Addition of bentonite had a significant (P < 0.01) effect on the activity of each enzyme at different layers and days after millet sowing. Observed increases in catalase, invertase, urease, and alkaline phosphatase activities were up to 42%, 46%, 58%, and 50%, respectively, and they were approximately linear with increasing bentonite rate up to 24 Mg ha −1 over the 5 yr experimental period. Averaged over 5 yr, the 24 Mg ha −1 rate of bentonite amendment led to the largest effect on soil enzyme activity in all soil layers at five growth stages over the growing season. The observed increased enzyme activity suggests that bentonite can help maintain and improve soil health to support plant growth and contribute to sustainable agriculture production in a semi-arid environment.
Introduction
Soil enzymes affect nutrient transformation and biogeochemical cycling of carbon (C), nitrogen (N), and phosphorus (P) availability (Acosta-Martinez et al. 2014) . Soil enzyme activity has been proposed as a sensitive indicator of soil health because of its relationship to biological activity and its response to changes of soil environmental conditions as affected by management practices (Badiane et al. 2001; Staunton et al. 2012) . Soil enzymes are derived from soil microorganisms, plant roots, plant residue, and soil fauna (Dick et al. 1988; Dick 1992; Crecchio et al. 2001) . Microbial biomass and enzyme activity are closely linked to soil moisture and temperature regimes (Dunn et al. 1985; Rodrigo et al. 1997) . Therefore, climate change will likely have a significant effect on microbial activity and nutrient cycling in terrestrial ecosystems.
In particular, more frequent drought periods associated with climate change may lead to soil degradation and erosion, thereby diminishing crop production in agroecosystems. Moreover, soil microorganisms are adversely influenced by drought stress in semi-arid regions (Brockett et al. 2012) , and soil enzyme activity will likely decrease with declining available soil water accompanying climate change. Application of amendments that improve soil water-holding capacity by increasing aggregation, and improving soil structure may help to rejuvenate degraded soils or soils with low production and help to counter climate change effects (Abedi-Koupai et al. 2008; Nicolás et al. 2014 ). This may be an effective approach to foster sustainable development of agriculture production in semi-arid regions. Bentonite is phyllosilicate clay, which is predominantly comprised montmorillonite that is abundant in China, and it can be used as a natural soil amendment. Application of bentonite can retain large amounts of water and nutrients, reduce evaporation and increase infiltration of top soil by improving soil structure/ aggregation, and thereby provide more available water and nutrients for crop growth under limited water conditions (Al-Omran et al. 2002) . Increased soil water condition should also lead to increased soil enzyme activity and crop production in semi-arid regions.
The effects of polymer and organic soil amendments on the enzyme activities have been documented (Dick et al. 1988; Guiwei et al. 2008; de Varennes et al. 2010) , but little information is available specifically on the effects of bentonite addition on soil enzyme activity in a semi-arid environment. As enzyme activity is known to be a good indicator of soil heath, knowledge about bentonite amendment effects on soil enzyme activity would be valuable for evaluating bentonite amendments as a part of a strategy for sustainable development of agricultural production in a semi-arid region.
We measured urease, catalase, invertase, and alkaline phosphatase soil enzyme activities because of known their sensitivity to changes in the soil environment and their important roles played in nutrient cycling. Invertase plays an important role in releasing C as an energy source for microorganism growth. Urease plays a critical role in soil N cycling by releasing inorganic N for plant uptake. Catalase promotes decomposition of hydrogen peroxide (H 2 O 2 ) to water and molecular oxygen in soil, and thereby helps reduce crop damage by H 2 O 2 . Phosphatase was measured because it can transform soil organic P into inorganic P for plant uptake (Das and Varma 2010) . Moreover, determining the relationship between soil moisture and enzyme activities will help to better explain enzyme activity response to bentonite.
Millet is a main cash crop in arid and semi-arid regions of northern China (Lu et al. 2009 ). Virtually all millet production in China is rainfed and is grown in areas with limited rainfall where soil is relatively infertile and crop production is relatively low. It has been reported that organic and synthetic polymer soil amendments can improve soil microbial activity and increase soil nutrient cycling in agricultural crop production systems in China (Chu et al. 2007; Islam et al. 2011; Yu et al. 2011; Guo et al. 2016) . Bentonite is a potential water-absorbing soil amendment, but there are few studies on its application in arable cropped systems.
The objective of this research was to determine the nature of the response function of soil enzyme activity (namely catalase, invertase, urease, and alkaline phosphatase) to a one-time application of different rates of bentonite amendments in a rain-fed millet field in a semi-arid region over 5 yr.
Materials and Methods

Experimental site and design
The field experiment was performed from 2011 to 2015 in Qingshuihe County, which was located in a semi-arid region in a mid-temperate zone with continental monsoon climate. In the experimental site, the mean annual temperature is 7.1°C, the accumulated temperature ≥10°C is 2370°C, and the annual rainfall is about 365 mm, which is distributed mainly in July and August. The soil was sandy loam containing organic matter 10 g kg −1 , total N 0.49 g kg −1 , and total P 0.3 g kg −1 .
Detailed information on climate and soil properties of the experimental site was given previously in Mi et al. (2017) . The experiment included six treatments replicated on three randomized blocks. Each plot was 6 m × 5 m. The treatments consisted of six rates of bentonite: 0, 6, 12, 18, 24, and 30 Mg ha −1 bentonite. The bentonite was applied only one time in 2011 and was not applied in the subsequent years of the experiment. It was broadcast with fertilizer prior to planting and mixed with the soil by cultivating.
Experimental protocol
The tillage system was spring mouldboard plowing followed by harrowing. Diammonium phosphate (DAP: 18-46-0) and urea (46-0-0) as starter fertilizer were applied each year to provide 75 kg N ha −1 ; additional urea was applied at 69 kg N ha −1 at the jointing stage (about 60 d after sowing). The millet variety was No. 5 Zhang and was sown at the beginning of May and harvested in the middle of September for each of the 5 yr (2011) (2012) (2013) (2014) (2015) . Seeding depth was 3-5 cm, row spacing was 25 cm, and planting density was 180 000-225 000 plants ha −1 .
Field and laboratory measurements
Soil samples for soil moisture were taken from each plot at three random positions using a manual soil auger, at depths of 0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm at 50, 70, 90, 110 , and 130 d after sowing, which corresponded approximately to the seedling, jointing, heading, filling stage, and mature growth stages, respectively. The samples from each plot at the same depth were mixed, and the composite samples were oven-dried at 105°C until constant weight.
Soil samples for soil enzyme measurement were collected by hand from each plot at three locations as for soil moisture at depths of 0-10 and 10-20 cm on same day as those for soil moisture. Three samples from each plot and same depth were composited, air-dried, and sieved through 2 mm mesh screen. Measurement of enzyme activities was conducted within 2 wk of sampling and air-drying.
There are two widely used methods for measuring soil enzymes, one uses wet soil and the other uses dry soil (Alef and Nannipieri 1995; Gianfreda 1996; Brohon et al. 1999; Acosta-Martínez and Tabatabai 2001) . Tabatabai and Dick (2002) and Burns et al. (2013) discussed the advantages and disadvantages of each method. The choice of the dry method or wet method for determination of soil enzyme activity depends on the measurement of interest. The wet method duplicates field conditions, but it requires that the soil be kept at field moisture and immediately stored at 4°C until the assay of soil enzymes can be done; it is known that long-term storage of wet soil samples will result in changes of enzyme activity prior to measurement (Tabatabai and Dick 2002; Rao et al. 2003) . We chose the dry soil method because it allowed enzyme measurements to be made over a longer period of time; our laboratory resources limited the throughput of samples for enzyme analysis. Enzyme activity may be decreased with the dry method, but the relative changes in enzyme activity among different soil managements in the same soil type remain same. Some enzyme activity is more stable in air-dry soils than in field moist samples, and it remains unchanged or exhibits only a small decrease within a few weeks or months (Dick et al. 1996) . Although the accuracy of the dry soil method has been shown to be lower than that of the wet soil method (Dick 1994; Rao et al. 2003) , our objective was to show relative differences among treatments as opposed to establishing absolute values. The dry soil method is widely used in China (Wan and Chen 2004; Xu et al. 2016; Li et al. 2017) .
Catalase activity was measured by the KMnO 4 titration method (Johnson and Temple 1964; Guan et al. 1986) . A 2 g soil sample was incubated with 40 mL of H 2 O and 5 mL of 0.3% H 2 O 2 solution at room temperature. After shaking for 20 min, 5 mL of 3 mol L −1 H 2 SO 4 was added to the solution, and then 25 mL of the suspension was titrated with 0.1 mol L −1 KMnO 4 . The catalase activity was expressed as mL of 0.1 mol L −1 KMnO 4 g −1 soil 30 min −1 .
Invertase activity was measured with 3,5-dinitrosalicylic acid method (Frankeberger and Johanson 1983; Guan et al. 1986) . A 5 g soil sample was incubated with 15 mL of 8% sucrose solution, 5 mL of phosphatase buffer (pH 5.5), and five drops of methylbenzene at 37°C in an incubator (model: RXZ500D, Ningbo Jiangnan Instrument Factory, Ningbo, Zhejiang, China). After incubation for 24 h, 3 mL of 3,5-dinitrosalicylic acid solution was added to 2 mL of the suspension, samples were placed in a water bath at 100°C for 5 min, and then they were measured with a spectrophotometer (Pharmaspec UV-1700, Shimadzu, Kyoto, Japan) at 508 nm wavelength. The invertase activity was expressed as mg glucose g −1 soil 24 h −1 .
Urease activity was measured by the colorimetric method (Hoffmann and Teicher 1961; Guan et al. 1986 ). A 5 g soil sample was incubated with 1 mL of methylbenzene, 10 mL of 10% urea solution, and 20 mL of citrate buffer (pH 6.7) at 37°C in an incubator. After incubation for 24 h, 4 mL of phenol sodium solution and 1 mL of hypochlorite solution were added to 3 mL of the suspension, and then it was measured with a spectrophotometer at 578 nm wavelength within 1 h. The urease activity was expressed as mg NH 3 -N g −1 soil 24 h −1 .
Alkaline phosphatase activity was measured by the disodium phenyl phosphate method (Guan et al. 1986; Ahmad et al. 2013) . A 5 g soil sample was incubated with 20 mL of 0.5% disodium phenyl phosphate solution at 37°C in an incubator. After incubation for 24 h, 2 mL of ammonium molybdate solution was added to 10 mL of the suspension, and then it was measured with a spectrophotometer at 578 nm wavelength. The alkaline phosphatase activity was expressed as mg phenol g −1 soil 24 h −1 .
A 1 m 2 area in each plot was selected and harvested by hand at maturity to measure millet yield.
Data analysis
Data on enzyme activity, bentonite application rate, days after planting, and soil depth were subjected to repeated measures analysis of covariance using multiple regression techniques in PROC MIXED in SAS version 9.4; data for each enzyme and from each year were analyzed separately. Both bentonite and days were considered numerical continuous or quantitative variables with range of 0-30 Mg ha −1 and 50-130 d, respectively, whereas depth was considered a categorical or qualitative variable with two levels, 0-10 and 10-20 cm. All of the enzymes showed a nonlinear response to both bentonite and days, and consequently, quadratic terms, (bentonite rate) 2 and (days after planting) 2 , were included to capture the nonlinearity. The same plots were sampled at each sampling time, and plot was assigned the repeated subject in the repeated measures. The form of the regression equation is given in eq. 1.
where Y is the enzyme activity, B is the bentonite application rate (Mg ha −1 ), D is the days after planting, k is the index for soil layer (0-10 cm layer, k = 1; for 10-20 cm layer, k = 2), L k is the indicator variable for soil layer (for 0-10 cm layer, L 1 = 1 and L 2 = 0; for 10-20 cm layer L 1 = 0 and L 2 = 1), and α i and α i,k are regression coefficients. Enzyme activity data for all years, treatments, sampling time, and depth were pooled, and Pearson's correlations among enzyme activities were done using of activities among enzymes, which were done using PROC CORR in SAS version 9.4.
Results
Analysis of variance of soil enzyme activities
Replicate or block was not significant, and its effect was included in the error. Bentonite rate (B) was highly significant (P < 0.001) for all four enzymes and all 5 yr, whereas its quadratic term (B 2 ) was significant for all enzymes in the first 3 yr but only for invertase in 2014 and 2015 (Table 1) . Days after planting (D) and its quadratic counterpart (D 2 ) were highly significant for all enzymes and all years. Significance of soil layer was inconsistent over years and enzymes as were interactions of D × L and D 2 × L. Other interactions among the factors were not significant.
Soil moisture
In our previous study (Mi et al. 2017) , bentonite amendment was found to have a significant positive effect on soil moisture in the 0-20 cm layer, and averaged over 5 yr, the 24 Mg ha −1 had the greatest effect (Fig. 1) .
Soil enzyme activities
The activities of all four soil enzymes increased with bentonite amendment in both soil layers and at different days after sowing in every year (Figs. 2-5; Table 1 ).
Over the 5 yr experimental period, there was a trend of increased enzyme activity with higher rate of bentonite amendment. The enzyme activity response curves showed a distinct nonlinear response where 18 Mg ha −1 rate of bentonite had the greatest effect in the first 3 yr, and the rates of 24 and 30 Mg ha −1 bentonite led to the greatest effects in 2014 and 2015, respectively. The improvement in soil enzyme activity averaged over the 5 yr was greatest for 24 Mg ha −1 . Increases in catalase, invertase, urease, and alkaline phosphatase activities for different bentonite rates were observed up to 42%, 46%, 58%, and 50%, respectively, compared with the control with no bentonite added, in the 5 yr experimental period.
The soil enzyme activity for all bentonite amendment treatments showed an increasing trend early in the growing season, and then a decreasing trend later in the growing season in all 5 yr (Fig. 6) . The peak for soil enzyme activity occurred at 70 d after sowing in 2012-2014, whereas the peak was reached at 90 d after sowing in 2011 and 2015.
Relationships among soil enzyme activity, soil moisture, and millet grain yield All the enzyme activities had highly significant (P < 0.01) positive correlations with soil moisture and millet grain yield (Fig. 10) . In addition, strong correlations among all the enzymes were observed, and correlation coefficients ranged between 0.91 and 0.99 (Table 2) .
Discussion
Soil enzymes respond to changes in agricultural management practices more rapidly than other soil properties, and therefore, they have been proposed as indicators of changes in soil (Bandick and Dick 1999) . The four soil enzymes measured in this study are drivers of soil nutrient cycling and changes in soil organic matter; therefore, they are good proxies for assessing microbial growth and activity in soil (Frankenberger and Dick 1983; Tabatabai 1994) . The soil at the experimental site had high sand (72.8%) and low clay contents (13.8%), and it was characterized by low water-holding capacity and low fertility. In our previous paper, results showed that the addition of bentonite to the soil improved soil water-holding capacity and millet growth (Mi et al. 2017) . Our findings in the present study showed that bentonite amendment had a significant (P < 0.05) positive effect on all enzyme activities (Table 1; Figs. 2-5), indicating a strong positive effect of bentonite on the activity of soil microorganisms. These results are consistent with another study that showed organic soil amendments could significantly improve soil enzyme activities under tropical conditions (Goyal et al. 1999 ). Claus and Filip (1988) reported that phenoloxidases from different vegetation types were strongly absorbed on bentonite and clay-humus complexes under acidic soil conditions and that most of the enzymes lost their activity. However, the absorption was weaker in soils with high kaolinite and quartz contents because the absorption also depends on soil pH and isoelectric points. Thus, these 0.057 studies illustrate that climate, vegetation type, and clay mineralogy can have a substantial influence on absorption of different enzymes. The bentonite clay added in our experiment was likely to be relatively free of absorbed enzymes because it was mined from deeper depths without significant plant or microbial growth, and it probably absorbed, or at least partially absorbed, some of the enzymes produced during the experimental period. Our results suggest that the enhancement of the enzyme activity by bentonite addition was greater than any reduction due to absorption. Studies have shown a close relationship between organic matter and enzyme activity in soils (Goyal et al. 1999; García-Gil et al. 2000) . Application of fresh and compost urban waste improved soil organic matter (Ros et al. 2003 ) and increased soil moisture by absorbing and retaining the limited rainfall (Bhardwaj et al. 2007 ). Both soil water and temperature are the main factors limiting the growth and activity of soil microorganisms in semi-arid regions (Brockett et al. 2012; Steinweg et al. 2012 ). Sardans and Peñuelas (2005) showed that under drought conditions, the activities of soil enzymes involved in nutrient recycling were negatively affected. This would likely have serious consequences of the availability of soil nutrients for crop uptake. However, other research showed that enzyme activity was not affected by soil water content, probably because the activity contained in thin water films under drought conditions (Lawrence et al. 2009 ). In our experiment, there were strong positive relationships among enzyme activity, soil moisture, and millet grain yield (Fig. 10) , suggesting application of bentonite which was shown to increase soil moisture (Mi et al. 2017) , and by extension, also improved soil enzyme activity, provided good soil environment for crop growth under drought conditions, and ultimately, increased crop yield. There were also strong correlations among the different enzyme activities (Table 2) , suggesting multiple enzyme-mediated reactions contributed to nutrient cycling.
In this study, invertase, urease, and alkaline phosphatase activities showed different trends in the two depths layers over the growing season in each year (Figs. 6-9 ). These differences appear to be related to rainfall during the growing season and the subsequent changes in soil water content. The rainfall was low at 50 d after sowing in 2012 and 2014, and it was very low over the entire growing season in both 2011 and 2015 (Mi et al. 2017) resulting in corresponding low soil moisture at these times. At about 50 d after sowing, the soil was still exposed and not fully covered by the plant canopy, and high evaporation likely resulted in low soil water content and correspondingly low soil enzyme activities in the 0-10 cm layer under these conditions. The trends for catalase activity during the experimental period were different from those of the other three enzymes. Higher catalase activity occurred in the deeper (10-20 cm) layer (Fig. 2) . This layer had higher soil moisture than the 
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Note: Int, model intercept; B, bentonite application rate (0, 6, 12, 18, 24, and 30 Mg ha surface 10 cm layer ( Fig. 1) (Mi et al. 2017) . Exchange of cations and soil electrical conductivity is also related to soil water availability, and catalase has been shown to be well correlated with soil cation exchange and electrical conductivity (Rodriguez-Kabana and Truelove 1982; Shi et al. 2008) . This is inconsistent with the results of other research in different soil types and vegetation, which showed that soil enzyme activities (including catalase) usually showed a decreasing tendency with greater soil depth (Taylor et al. 2002; Zhu et al. 2002; Niemi et al. 2005) . The greatest bentonite effect for all four enzymes occurred in the 10-20 cm layer; this was likely related to bentonite having the greatest effect on soil moisture in this layer (Mi et al. 2017 ) and millet secondary roots which are mainly distributed in this layer (Zhang and Su 1997) .
Soil enzyme activity is related to weather, field management, and crop growth, and the highest activity occurs under conditions of adequate rainfall, fertilizer, and moderate temperature, all of which also promote Note: ***, significant at 0.001 probability level.
vigorous crop growth (Aon and Colaneri 2001; Zhiwei et al. 2012) . In general, the critical period for availability of sufficient rainfall and soil moisture for millet growth at this experimental site was about 70-90 d after planting. Millet growth was most active during this period, and soil catalase, invertase, urease, and alkaline phosphatase also showed the highest activity, with peak activities at about 70 d after sowing from 2012 to 2014; whereas in 2011 and 2015, the driest years, peak activities occurred at 90 d after sowing, and the peaks are lower than other years (Figs. 6-9 ). This was because low rainfall in the two dry years limited millet growth, and therefore, reduced root activity (Huang and Gao 2000) . Previous research reported that soil microbial activity was highly related to root activity due to release of labile C from plant roots (Kotroczó et al. 2014 ).
In our study, all enzyme activities showed the same tendency, being positively affected by bentonite amendment over the growing season (Figs. 2-5 ). This was in contrast to the results of other studies, which found that addition of a polyacrylate polymer to soil had a strong negative effect on soil urease early in the crop growing season, but then it had a positive effect in the later part of the growing season (Varennes and Queda 2005; Liu et al. 2013) . This is likely because of differences in amendments and soil types, and differences in crop response to N in the soil. Guiwei et al. (2008) showed that the application of insoluble hydrophilic polyacrylate polymer impaired urease activity in a contaminated mine soil.
Over the long term, soil enzyme activity has been shown to be correlated with organic C (Fauci and Dick 1994) . Soil organic C increased with time under application of bentonite at the experimental site (data not shown) due to higher C inputs associated with greater crop growth and increased root biomass and exudates returned to soil; these all contributed to higher microbial activity. Our results showed that in all 5 yr, there was a similar trend for all four soil enzymes, where a high rate of bentonite amendment had an increasing effect over years (Figs. 2-5) . The uniformity and depth of bentonite distribution in the soil improved over time through mixing by annual tillage; improved soil structure (e.g., soil aggregation) over time was also noted (data not shown). Our results showed opposite trends to those observed by Al-Harbi et al. (1999) , who demonstrated that the effects of super absorbent polymer amendment decreased by about 10%-15% per year. The decreasing effect with time was attributed to breakdown of the super absorbent polymer, whereas the bentonite used in our experiment is a stable mineral, and the structure does not change over time. All the bentonite treatments provided better soil conditions for soil microorganisms and their activity; these conditions would likely enhance soil structure for higher water contents (Spedding et al. 2004; Crecchio et al. 2007) . Therefore, bentonite amendments may be an effective strategy to improve soil health for plant growth in marginal or degraded land and promote sustainable agriculture in semi-arid areas. Our results showed that after 5 yr, application of 30 Mg ha −1 bentonite had the greatest effect on soil enzymes, but more research is needed to assess the effects a longer period of time.
Conclusions
Application of bentonite significantly (P < 0.001) increased the activity of catalase, invertase, urease, and alkaline phosphatase in a millet crop in a semi-arid region. The enzyme activities were dynamic, showed consistent trends during the millet growing season and were related to rainfall and soil water content. Enzyme activities increased with increasing rates of bentonite addition. Averaged over 5 yr, addition of 24 Mg ha −1 bentonite amendment had greatest effect on soil enzymes, but the rate of 30 Mg ha −1 showed the largest effect in the fifth year. Our research showed that bentonite amendment improves soil enzyme activity, and therefore, it may be an effective management practice that improves soil health for field crop production in semiarid areas.
